Soil hydraulic properties are very sensitive to land-use in regions susceptible to physical degradation. Intensive agricultural practices often lead to soil compaction and erosion in the investigated area. The main goal of this paper was to evaluate the impact of land-use on the pore size distribution and water retention in loamy soils. The soil water retention curve (SWRC) combined the total porosity and the water retention of the undisturbed sample at 3, 10, 31, 100, 310, and 1000 hPa suctions and the disturbed sample at 1.5 MPa. The triple-exponential model approximated the curve's course, and its derivative defined the distinct macro-, structural, and textural pore maxima, with characteristic suctions corresponding to SWRC inflection points. The soil organic carbon content had the greatest influence on the content of all three pore classes. The water retention properties followed the hierarchical pore size distribution in the four research plots and decreased in the identical orchard > forest > grassland > arable soil order. These results show that the orchard and forest areas are the most appropriate land uses with respect to porosity and water retention, while the grassland has not fully recovered after its conversion from arable soil and remains relatively poor, and the arable soil properties are the worst.
Introduction
The organisation of soil particles and associated pores between particles determines the hydraulic properties of soils and this fundamentally affects the impact of rainfall and drought on soils and ecosystems in this era of ongoing climate change. The literature also commonly distinguishes macro-, structural, and textural pores [1] . Macro-pores typically include pores formed by tillage and bio-pores produced by soil biota [1] . Structural pores are pores between aggregates and these are also referred to as inter-aggregate pores [2] . In contrast, textural pores form between primary soil particles and these are also known as matrix, intra-aggregate, and inter-particle pores [1] [2] [3] .
Soil hydraulic properties typically include soil water retention and soil hydraulic conductivity functions, and this research focuses on the first of these properties. The soil water retention curves (SWRC) determined experimentally when studying soil hydraulic properties are a useful tool in the study of the soil pore size distribution (PSD). The SWRC indicates the relationship between the soil water content and soil water suction (h), and the diameter of the largest cylindrical pore filled with water can be calculated using the capillary equation:
, (1) where d is the μm diameter of the hypothetical cylindrical pore, σ is the surface tension, α is the contact angle, is the water density, g is the gravitational acceleration, h is the cm soil water suction, and the constant 3000 is valid for a near-zero contact angle. The SWRC therefore provides information on the volume of different size soil pores. The success in evaluating and interpreting experimentally established relationships between the water content and suction depends on the models used to approximate them, and there are currently several models most commonly used to express SWRC. The unimodal models introduced by Brooks and Corey [4] and van Genuchten [5] were used initially, but the hierarchical distribution of soil pores in macro-, structural, and textural pores causes SWRC deviations from the unimodal shape. The following bi-modal models have therefore been introduced: The Genuchten model [2] , the log-normal model [6] , and the double-exponential model [7] . The bi-modal models successfully approximate parts of the SWRCs for water retention in both structural and textural pores and they also enable the derivation of pore size distribution (PSD) curves with separate peaks for the structural and textural pores. Further improvement was then introduced in Dexter and Richard's [1] triple-exponential model, which captures the effect of all macro-, structural, and textural pores on the SWRC, but this model has so far been rarely used to evaluate SWRCs.
The methods chosen for assessing the soil water retention properties should by adopted carefully, as reported by Solone et al. [8] , who identified errors in measuring these properties in higher water-suction conditions when the pressure-plate apparatus was used. These errors were due to low hydraulic conductivity and were more significant in fine textured soils, but Jensen et al. [9] have recently overcome this problem by using undisturbed samples for soil water-suctions up to 1000 hPa and disturbed samples for suctions of 1.5 MPa in retention curve determination. These authors also confirmed that the bimodal model had a greater relevance to water retention data than the unimodal model.
The water retention capacity depends on basic soil properties, including the particle size composition [10] , organic matter content [11] , and bulk density [12] . Otalvaro et al. [13] experimentally verified the close relationship between PSD and water retention properties. Bormann and Klaassen [14] demonstrated that soil hydraulic properties are considerably influenced by landuse and they reported that increasing the bulk density from forest to grassland to cropland decreased the water retention capacity. However, the potential impact of land-use change on hydraulic properties is long-term and remains evident after several decades [15] . While degradation of the soil hydraulic properties was observed during deforestation and land clearing [16] [17] [18] , several authors consider that the restoration of grasslands and forests on abandoned soils can improve these properties [19, 20] .
In addition, although Yu et al. [21] observed an increase in the soil water retention capacity after conversion from conventional tillage to grassland and forest, Zhao et al. [22] suggest that vegetation recovery does not necessarily ameliorate soil hydraulic properties. Moreover, literature research confirms that there is still a gap in the knowledge concerning the complex relationships between land-use, the various soil properties, and SWRC and PSD functions. In many instances, the impact of land-use overlaps with the influence of basic soil properties, especially soil texture, and problems with the appropriate procedure for SWRC determination and the selection of suitable models indicate that further experimental work is required to fully understand the relationships affecting soil hydraulic properties.
The primary goals of this paper are to evaluate the impact of land-use and land-use change on soil water retention properties and PSD in loamy soils, which are susceptible to compaction and erosion. The secondary aims combine verification of an appropriate procedure to determine water retention in the wide range of water suctions (0-1.5 MPa) with the establishment of suitable models for SWRC and PSD functions which reflect the existence of macro-, structural, and textural pore classes.
Materials and Methods

Study Sites and Soil Sampling
The study area lies in the Myjavská pahorkatina Upland in south-western Slovakia where soils are strongly susceptible to erosion [23, 24] . The main reason for this susceptibility is associated with deforestation and agricultural development. This land-use pressure has frequently caused the original soil humus horizons to be washed away and subsurface horizons with a very low aggregate stability to be exposed to erosion [24] . In many places, these processes have led to extensive gully erosion [23] . The soils have been classified as Haplic Luvisols [25] and their state has been compared in arable, grassland, orchard, and forest experimental plots (Figure 1 ), as follows.
The arable soil (48°41.974′ N, 17°38.691′ E) was regularly ploughed from 1900 until the present, and is primarily used for growing cereals, root crops, and fodder. Until 1967, the land was fertilized every 3 years with manure, but industrial fertilizers are now applied.
The grassland (48°42.172′ N, 17°38.150′ E) was used as arable land until 1990, but the experimental plot has since been used as permanent grassland. Until 1967, the land was treated with manure once in a 3-year period and fertilizers were applied between 1967 and 1990, but it has remained unfertilized since that time. Alfalfa was grown in the area in 1990-1995 and the species composition has naturally changed to its current mesophilic meadow. The grass-herb cover is cut twice a year using a heavy tractor and the phytomass is dried on the hay harvested from the plots.
The apple, plum, and pear orchard (48°41.985′ N, 17°38.638′ E) is over 50 years old and is regularly farmed by manual grass-mowing twice a year. Between 1975 and 2005, the orchard was treated with industrial fertilizers.
The forest (48°42.136′ N, 17°38.116′ E) is 100-120 years old and comprises Fagus sylvatica beech stands and a poorly developed herbal layer. Sampling of the four plots was performed after maize harvest. Therefore, the arable land was not affected by subsequent tillage. Undisturbed soil samples from the uppermost 10 cm of soils were taken in stainless steel cylinders with a 50 mm diameter, 51 mm height, and 100 cm 3 volume, and six replicate samples were collected from each of the four experimental plots.
Laboratory Methods
Water retention measurements were performed on 100 cm 3 undisturbed soil cores. These were first saturated in water and then balanced for increasing water suction values. The samples were weighed after each balance adjustment to determine the water content at the following selected suction values. The water contents at suctions of 3, 10, and 31 hPa were measured using a sandbox (Eijkelkamp, Giesbeek, The Netherlands), whereas a 5 bar pressure plate extractor (Soilmoisture Equipment Corp., Santa Barbara, CA) equipped with 1 and 3 bar ceramic plates was used at suctions of 100, 310, and 1000 hPa. The soil cores were air-dried and passed through a 2 mm sieve prior to physical and chemical analyses. Air-dried sub-samples were then used to determine the water retention at 1.5 MPa suction in 1 cm high rubber rings by a 15 bar pressure plate extractor (Soilmoisture Equipment Corp., Santa Barbara, CA, USA) equipped with a 15 bar ceramic plate. The sub-samples were dried at 105 °C to determine the soil samples' dry weight and bulk density. The results are presented as SWRCs which graphically depict the relationship between suction and water content.
This study expresses soil water contents as gravimetric water contents (w), as in Dexter [7, 26] . The following properties were derived from the SWRCs: field capacity (FC), which is the water content at a suction of 330 hPa; the plant available capacity (AWC), which is the water content between 330 hPa and 1.5 MPa; the permanent wilting point (PWP), which is the water content at 1.5 MPa; and the air capacity (AC), which is the difference between the total porosity and the water content at 330 hPa. The total porosity was calculated from the determined sample particle density and bulk density using the following relationship:
where TP is the total porosity expressed in units of gravimetric water content at saturation (g g −1 ), BD is the soil bulk density (g cm −3 ),  is the density of soil particles (g cm −3 ), and  is the density of water (g cm −3 ).
The following soil properties were analysed in the air-dried sub-samples: pH in the soil-water suspension (1:2.5 w/v, distilled water), texture determined by the pipette method [27] , particle density using the pycnometer method [28] , and soil organic carbon (SOC) content determined by potassium dichromate oxidation [29] .
The structural stability index (StI) was then calculated from the organic carbon, silt, and clay contents [30] by the following equation:
where SOC is the organic carbon content (wt.%), and Clay + Silt is the sum of clay and silt content (wt.%).
The soils were then classified as in Pulido Moncada et al. [30] : structurally-degraded soils (StI < 5%), soils with a high structural degradation risk (5% < StI < 7%), soils with a low structural degradation risk (7% < StI < 9%), and soils with a sufficient organic carbon content to maintain structural stability (StI > 9%).
Statistical Analysis
Dexter and Richard's [1] triple-exponential equation was used to approximate the experimental water retention data:
where w is the gravimetric water content at suction h; C, A1, A2, and A3 are the fractions of porosity in the triple porosity model expressed in gravimetric water content units; and h1, h2, and h3 are characteristic suctions corresponding to SWRC inflection points. This model (Equation (4)) approximates SWRC as the sum of three exponential terms. The exponential term is known as the Boltzman equation. This equation requires only seven adjustable parameters for a tri-modal soil. It also has the advantage that each of its parameters is uniquely identified with the size and volume of the different soil pore classes [1, 7] .
Equation (4) was fitted using the LMFIT for Python package [31] with the Levenberg-Marquardt algorithm. The root mean square error (RMSE) was then calculated to measure the model's accuracy.
The pore size distribution (PSD) was obtained by differentiating the triple-exponential equation (Equation (4)) with respect to log h:
Finally, the ANOVA and Tukey tests evaluated the differences in soil properties in the study plots, and Pearson's correlation coefficients (r) quantified the linear relationship between parameters. Table 1 lists the results obtained for the analysed soil properties: sand, silt, and clay contents; SOC; pH; StI; and bulk density. The four research plots have loam-textured soils with little variation in the grain size fraction, and the following relationships were determined between plot locations. While the arable soil had a significantly higher clay content than the grassland and orchard plots at p < 0.05, other differences between the plots were not statistically significant (p > 0.05). The SOC contents increased in the following order: grassland < arable < forest < orchard, and the differences were significant between the grassland and orchard plots (p < 0.01) and those in the arable and orchard soils (p < 0.05). Soil pH decreased as arable > orchard > grassland > forest plots, with higher values resulting after soil acidity adjustment by liming the arable and orchard soils, and the differences in pH were significant at p < 0.01, except between the grassland and arable plots and those in the forest and orchard. In addition, these soils can be classified based on the StI as structurally degraded in the grassland and arable plots and having a high risk of structural degradation in the orchard and forest plots. The StI values decreased in the order: orchard > forest > grassland > arable areas, and statistical significances were identical to those for SOC contents, with the same significant differences between the grassland and orchard plots (p < 0.05) and those in the arable and orchard soils (p < 0.05).
Results
Finally, the bulk density increased in the order of orchard < forest < grassland < arable, thus indicating a close relationship with StI values. Most of the differences were statistically significant at p < 0.01, except between the grassland and arable plots and those in the forest and orchard, and this indicates that the soil bulk density is a very sensitive indicator of soil structural stability, and hence the stability of the soil pore system under different land-uses. Figure 2 compares the average soil water retention curves (SWRC) for the four research plots, and they all follow a similar SWRC course. These graphs, with maximum and minimum values as whiskers, establish that the grassland and forest research plot soils have the largest variation. While bimodal models are commonly used to fit SWRC and SWRC modeling rarely evaluates changes in pore volume in the range of log h from 0 to 1, Figure 2 reveals a significant increase in this interval. Therefore, SWRC evaluation over the complete log h range from 0 to 4.2 required the tripleexponential model. Figure 2 and Table 2 herein highlight the triple-exponential model's excellent ability to fit the SWRC course in all plots. Furthermore, Table 2 shows C as the residual water content; A1, A2, and A3 as the water contents at saturation of the textural, structural, and macro-pores, respectively; and h1, h2, and h3 provide the characteristic water suctions for textural, structural, and macro-pore emptying, respectively. The PSD curves obtained from SWRCs are depicted in Figure 3 (Upper). The PSD has three distinct maxima, with characteristic pore diameters (given by Equation (1)) in the ranges of 1200-2800, 15-27, and 0.7-0.9 μm for the macro-, structural, and textural pores, respectively. Furthermore, the de-convoluted peaks in Figure 3 (Lower) enable a comparison of the pore categories' porosity in these research plots. Here, the higher content of macro-pores in the orchard and forest research plots is evident, and the soil structural and textural pore content decreases in the orchard > forest > grassland > arable plot order. Figure 3 also shows that the real soil macro-porosity accounts for only part of the peak area defined by the parameters A3 and h3. The macro-pore content can be calculated at log h = 0 by the following equation:
where MP is the macro-porosity expressed in units of gravimetric water content (g g −1 ). Macroporosities calculated with the parameters listed in Table 2 are 0.072, 0.072, 0.021, and 0.024 g g −1 for orchard, forest, grassland, and arable plots, respectively. The soil water retention properties derived from SWRCs have the same trend as the changes in the distribution of the three pore classes ( Table 3 ). The AC is the highest in the orchard and forest research plots and the lowest in the arable plot, and the differences between the arable plot and the orchard and forest plots were significant at p < 0.01. The TP decreased in the orchard > forest > grassland > arable order, and the differences were statistically significant at p < 0.01, except between the grassland and arable plots and those in the forest and orchard. The AWC and FC decreased in the same order, with a non-significant difference between grassland and arable plots (p > 0.05). Only the PWP decreased in a different order. The highest PWP value in the arable soil is attributed to the highest clay content at this research plot. The orchard plot also has a higher PWP value, most likely due to the highest SOC content, and the lowest PWP was found in the grassland with the lowest SOC content. The differences in PWP were significant at p < 0.05, except between the orchard and arable plots and those in the forest and grassland. 
Discussion
Recent studies have reported that the soil organic carbon (SOC) content is significantly influenced by land-use [32] [33] [34] , and our results at the four research plots (Table 1) concur with the published data. Chaplot et al. [35] recorded significantly higher SOC contents in forest soil than in fallow and cultivated soils. Dengiz et al. [36] compared SOC contents in cultivated, pastured, orchard, and forest soils and found the lowest average carbon storage in cultivated soils. In addition, Guggenberger et al. [37] found that land-use changes influence the amount and rate of soil organic carbon losses, and this supports our higher SOC content in the arable soil converted to grassland compared to the original arable soil ( Table 1) .
The influence of SOC on the pore size distribution (PSD) and water retention is not trivial, and Rawls et al. [38] reported that soils with low SOC have increased water retention with increasing SOC in coarse soils and a decrease in fine-textured soils. In addition, Dexter et al. [7] hypothesized that SOC forms a complex with clay up to an SOC saturation of 0.1 g.g −1 clay content and that SOC values above saturation did not correlate with textural or structural porosity. This supports our investigated soil results listed in Table 1 , where SOC contents were lower or just slightly above this limit.
The significance of SOC in the research plots is revealed when correlations with the tripleexponential model parameters determined in all samples are investigated. The correlation coefficients between SOC content and porosities are 0.735, 0.681, and 0.465 for A1, A2, and MP, respectively, and the positive SOC effect on the formation and stability of all research plot textural, structural, and macro-pores is unequivocal. However, the ratio of textural and structural porosity (A1/A2) has a decreasing trend with an increasing SOC content (Figure 4 ) and this trend suggests that with an increasing SOC content, the relative increase in the structural porosity (A2) is higher compared to that of the textural porosity (A1). These relationships confirm that the SOC content has a major impact on the water-retention properties [38] , and the relationships between SOC and AWC or FC where both textural and structural pores are involved are even more pronounced. The recorded correlation coefficients are 0.770 for AWC and 0.851 for FC.
Soil texture analysis reveals that the textural effect on porosity and water retention in the research plot soils is less pronounced than that of SOC. The clay content has negative correlations of −0.554, −0.519, and −0.088 with A1, A2, and MP, respectively, and also −0.578 and −0.467 with AWC and FC, respectively. The silt content has positive correlations of 0.498, 0.214, and 0.099 with A1, A2, and MP, respectively, and 0.418 and 0.369 with AWC and FC, respectively. Moreover, all these correlations are weaker than for SOC, and the negative correlation between the clay content and water retention, and also porosity, is quite surprising because the clay fraction commonly increases soil water retention [39] [40] [41] . This apparent discrepancy is explained by the r = −0.234 negative correlation between the clay and SOC contents. These results highlight that porosity and water retention properties are predominantly controlled by the SOC content, and this overlaps with the influence of soil texture. In addition, Rawls et al. [38] also reported a similar effect in their large dataset, which proved higher water retention in coarse-textured soils with a higher SOC content than in fine-textured soils with a lower SOC content. All these results reveal that differences in the SOC content and land-use are especially important in the research plots because these factors have a major impact on soil porosity and water retention. This conclusion is supported by other authors, whose results from field and laboratory experiments proved that SOC enhances the formation of larger soil pores [42] [43] [44] [45] . In addition, Pires et al. [46] compared the pore size distribution under conventional tillage and non-tillage systems and found a greater content of large pores in the non-tillage system. This result was attributed to a non-tillage system which promotes biological activity, improves soil organic matter properties, provides a more stable soil structure, and minimizes soil degradation [47] .
The macro-pores with a characteristic pore diameter from 1200 to 2800 μm correspond to large cracks or bio-pores that are too big to hold water at field conditions [48] , and the results imply that the macro-porosity produced by tillage decreased significantly due to the low aggregate stability in arable soil with a low SOC content and was therefore very low after the maize harvest, when soil sampling was performed. A substantial decrease in macro-porosity during wetting and drying cycles following tillage is also frequently reported in the literature [1, 15, 49] . In contrast, the increased macroporosity in the research plots where soils are not ploughed is mainly associated with the formation of large pores of biological origin from plant roots, earthworms, or other living organisms.
The presence of macro-pores is extremely beneficial for soil hydraulic properties. It is generally accepted that an increased inter-connected macro-pore content in the topsoils increases the infiltration rate [50] and reduces surface runoff [51] . Moreover, the macro-pores can significantly contribute to water flow in the vicinity of saturated conditions, even when the soils have a low macropore content [52] , and Luo et al. [53] have reported the importance of macro-pore parameters in predicting flow in structured soils under saturated conditions. This is ably supported by other authors, who recorded the dominant impact of fragile structural macro-pores on water flow in those conditions [54, 55] . In addition to their important hydraulic properties, Table 3 illustrates that the macro-pores create the soil air capacity (AC) through their easy draining under normal conditions [56, 57] . Macro-pores and a high AC are very beneficial in lowland areas, where they counteract the development of anoxic soil conditions during rainy periods [58, 59] .
Structural pores with micro-cracks are also of great importance in the formation of soil hydraulic properties. Observed differences between research plots and relationships with soil properties suggest that minor soil interventions coupled with a higher carbon content promote the formation of micro-cracks, which significantly increase the soil structural porosity with a characteristic pore diameter of 15-27 μm. The worst conditions for micro-crack development were found in arable soil, which had the lowest structural porosity ( Table 2) . Dexter and Richard [1] recorded the extent of structural pore significance in hydraulic conductivity in tilled soils when macro-pores were isolated and only connected through the structural and textural pores at harvest-time. The authors then added that the measured hydraulic conductivities revealed that water movement occurred almost entirely through the micro-cracks. This revelation was supported by Pagliai and Vignozzi's [60] thin section micromorphological evaluation of the micro-crack impact on hydraulic conductivity, which confirmed the strong relationship between the abundance of elongated micro-cracks and saturated hydraulic conductivity.
The importance of micro-cracks results from their formation of a 3-D network of inter-connected planar pores, and it can be hypothesized that the increased micro-crack content increases the pore network inter-connection and resultant ability of structural pores to drain water into the deeper soil layers during rainfall.
Conclusions
Soil analysis of the four research plots reveals that land-use has a significant impact on basic soil properties, pore systems, and water retention. These differences are mostly reflected in the following decreasing order: orchard, forest, grassland, and arable soil. The SOC content also has a decreasing trend in this order of land-use, and the results verified that the SOC content has a major impact on structural stability indices, different pore size contents, and water retention.
The SWRC evaluation over the log h range from 0 to 4.2 required a model that considers the presence of macro-, structural, and textural pores. Here, the triple-exponential model proved to be suitable because this model fits well with the measured SWRC values. The derivative of SWRC provides the soil PSD curve, which has three distinct peaks for the macro-, structural, and textural pores with characteristic pore diameters. An increased macro-pore content is achieved by the formation of large bio-pores and big cracks, whose content is responsible for the soil air capacity. In the case of structural porosity, it is assumed that an increased structural pore content is achieved by micro-crack formation and this increases the inter-connection within the soil pore network.
The high macro-pore and structural micro-crack contents in the topsoil are highly desirable because these ensure a high rate of rainfall infiltration to the soil and reduce susceptibility to surface runoff and accompanying erosion. In contrast, soil water retention properties, expressed as AWC and FC, are mostly related to the textural pore content, and the correlation relationships indicate that water retention is mainly controlled by the SOC content, which overlaps with soil texture effects.
In conclusion, our results confirm the consensus that land-use has a major impact on the SOC content, porosity, and water retention, and the comparison of land-use effects on these properties verifies that orchard soil has the best qualities and forest soil is only slightly worse. The arable soil recorded the worst properties, and although these improved when it was converted to grassland, they were still inferior to those in orchard and forest soils.
Finally, this work highlights that it is most appropriate to select land-use practices that provide the best development of soil properties which increase the soil porosity and water retention. This will optimize landscape management in the current era of climate change. 
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